INTRODUCTION
Terminal deoxynucleotidyl transferase (TdT) is a nuclear enzyme which catalyses the addition of deoxynucleotides to the 3' hydroxyl end of DNA without template requirement (1, 2, 3) . Its activity is restricted to pre-lymphocytes of bone marrow and thymus and certain leukemic cells (4, 5, 6, 7) . During fetal life, TdT positive cells are first detected in the thymus, but are not found in fetal liver, spleen, or bone marrow. They do not appear in bone marrow and spleen until the day after birth (8, 9) . TdT has been postulated to play a role in increasing the diversity at the recombination junctions of immunoglobulin and TCR genes, by addition of non germline encoded nucleotides (N-region) (10, 11, 12) . The insertion of nucleotides at coding joints by the recombinase machinery has been correlated with the pattern of TdT gene expression (13, 14, 15, 16, 17, 18, 19, 20) . Recently, using an episomic recombination substrate, random nucleotide additions at the recombination junction have been obtained at high frequency upon cotransfection with a TdT expression vector (21) , thus confirming the role of TdT in N regions insertions at junctional sequences during the rearrangement process.
The amino acid sequence of terminal transferase has been highly conserved during evolution. Comparison of terminal transferase cDNAs isolated from calf, mouse and human libraries reveals a more than 80% sequence identity (22, 23, 24, 25, 26) . By screening a mouse thymus cDNA library, we have isolated a new form of TdT mRNA in which 60 nucleotides are lacking, compared to the TdT cDNA previously described (25) . We present the characterization of this naturally occuring variant of TdT (TdTS for TdT short form) and show that this enzyme catalyses the 3' OH addition of nucleotides to an exogenous episomal DNA without template direction, as does the first form of TdT (TdTL for TdT long form). To elucidate the origin of this isoform of TdT, we isolated and determined the partial sequence of mouse genomic TdT gene. These data suggest that the two isoforms are encoded by one gene and are generated by an alternative splicing.
MATERIALS AND METHODS RN A analysis
RNA was prepared from the thymus of Balb/c 5 week old mice and from mouse Balb/c spleen and liver as described (27) , except that 4M guanidine thiocyanate was used instead of 6 M urea. Poly(A) + containing RNA was purified by oligo(dT)cellulose chromatography. For blot hybridization experiments, RNA or poly(A) + RNA was electrophoresed on 1,1% agarose, 6,6% formaldehyde gels, transferred to nylon membranes and hybridized either with oligonucleotide: (a) Fig. 1A common to both form of TdT or (e) Fig. 3 specific of the insertion. These oligonucleotides were phosphorylated with -y^P ATP at (3000 Ci/mmole) to a specific activity of 1,6 10 6 cpm/pmole.
Molecular cloning of mouse TdT
First strand cDNA synthesis was performed with 5 /ig of thymus poly (A) + RNA primed with oligo(dT) using Moloney murine leukemia virus reverse transcriptase (BRL). Second strand synthesis was obtained with DNA polymerase I and RNaseH (28) . Double stranded adaptators (Invitrogen, San Diego) containing 'CACA' overhangs were ligated to blunt ended cDNA. It was cloned in the Bstxl restriction sites of pcDNA2 vector (Invitrogen, San Diego). The cDNA library was screened successively with two oligonucleotides (b) and (d), (Fig. 1A) . Oligonucleotide labeling, prehybridization and hybridization conditions were previously described (29) . Then, the double positive clones were screened with the oligonucleotide (e). Three clones were sequenced on both strands by the dideoxy-termination method (30) .
Screening and analysis of clones from a genomk library A cosmid library constructed from 1129 mouse DNA was kindly given by A. Poustka (31) . This library was screened using mouse TdT cDNA as a probe (Ncol fragment from 0 to 1514, see Fig. 1A ). The probe was labelled with cr^P dNTP (32) and the filters were hybridized at 65°C in 6 SSC, 5xDenhart, 0,1% SDS and 100 /ig/ml of sonicated sperm salmon DNA. DNA from genomic clones was characterized by restriction mapping, Southern blot analysis using oligonucleotides (a), (b), (c) (Fig. 1A) and (e) (Fig. 3) as probes. The PstI and XhoI-PstI fragments containing respectively the exons X, Xbis, XI and Xbis XI (Fig. 3) were subcloned in bluescript vector KsII + (Stratagene). Exon Xbis was sequenced on both strands, with primers located upstream and in the exon Xbis. The junctions exon/intron were sequenced with primers covering the corresponding exon.
Plasmid
Mouse TdT cDNAs were cloned under the control of cytomegalovirus promoter and enhancer in an eukaryotic vector pcDNAI (Invitrogen, San Diego); pDTl contains the TdT cDNA from 0 to 1821 (Fig. 1A) cloned into the sites EcoR5-XbaI of pcDNAI; pDT2 contains the TdT cDNA from -45 to 1821 (Fig. 1A) cloned into the sites Notl-Xbal of pcDNAI.-pBlueRec is the recombination vector described previously (33) . -Ragl (M2CD7 designated here as pRagl) and Rag2 (R2RCD2 designated here as pRag2) expression vectors were provided by M. Oettinger (34) .
Cell culture and transfection assay NTH 3T3 mouse embryo fibroblasts (ATCC CRL 6442) were grown in Dulbecco's modified Eagle medium supplemented with 10% fetal calf serum.
Transfections were performed by electroporation (35) ; NIH 3T3 were transfected following the conditions described (21) with 2,5 ng pBlueRec, 6 fig of pRagl, 4,8 /tg pRag2 and 4,5 pg of pDTl or pDT2 (2 molar excess compared to pBlueRec). Cells were harvested after 48 hours of incubation at 37°C and plasmid DNA was prepared. Rearrangement of the recombination substrate gave rise to blue colonies, plasmid DNA from blue colonies was prepared and sequenced with reverse primer as recommended by the supplier (United State Biochemical).
RESULTS

Isolation and nucleotide sequence of a new mouse TdT cDNA
A mouse thymus cDNA library was successively screened with two oligonucleotides covering the 3' or the 5' region of the known TdT cDNA, designated TdTL in this paper (25) . Among 200 clones hybridizing with the first oligomer, fifteen were positive with the 5' oligomer and long enough to contain the entire TdT (Fig. 3) , B and D with oligonucleotide a (Fig. 1A) . the 20 substitutions, 11 are silent, while 9 create an aminoacid change. Importantly however, TdTL mainly differs from TdTS by an insertion of 60 extra base pairs between nucleotide positions 1443-1444. Therefore, the open reading frame of TdTS (Figure 1 A) is shorter than that of TdTL, 1527 bp and 1587 bp, respectively.
As shown in Fig. IB , the 60 extra nucleotides in mouse TdTL cDNA encode twenty additional aminoacids, without a frame shift between the two forms of TdT. As no such insertion was found in the human and bovine TdT cDNA (25, 26) , TdTS is more closely related to human and bovine TdT than is TdTL (Fig. IB) .
Two forms of TdT mRNA are present in the thymus
To investigate if both forms of TdT are expressed, a probe corresponding to the insertion and thus specific for TdTL, together with a probe common to both forms of TdT, were hybridised to poly (A) + mRNA extracted from the thymus. As shown in Fig. 2 (A and B) , transcripts of both TdTL and TdTS can be detected. To determine the ratio of these two TdT mRNAs, Northern blot analysis was performed on increasing amounts of poly(A) + mRNA. Hybridization signals could be directly compared, since the probes have identical size (21 mer) and melting point and were radiolabeled with y 32 ? to the same specific activity. As shown in Fig. 2 (C and D) , TdTS mRNA is the major transcript and accumulates to about a 15 fold higher level than TdTL mRNA. Even though TdTL is clearly expressed in the thymus, a probe specific for the insertion failed to identify a TdTL cDNA clone among the twelve other full length TdT clones isolated from the thymus library.
An additional exon codes for the insertion present in TdTL
The limits of the exons of the mouse TdT gene could be predicted (Fig. 1A ) from a comparison with the genomic organisation of the human TdT (26) . This indicates that the extra 60 nucleotides were located at the splice junctions between exons X and XI. In order to characterize the structure of the mouse TdT gene in this region, we screened a mouse genomic DNA library using the TdT cDNA. A clone spanning exons IX, X and XI was isolated and the exons mapped by Southern analysis. Exon IX was located about 3,4 kb from exon X and the latter 3,5 kb from exon XI. Using a probe specific for the 60 bp insertion, we found that it is contained in a fragment (exon Xbis) located 3 kb downstream from exon X and 400 bp upstream from exon XI, as shown in Fig. 3 . Sequence analysis of the genomic region spanning this fragment, showed that it is identical to the 60 bp insertion present in TdTL cDNA. This genomic fragment is flanked by acceptor and donor splice sites consistent with this being an additional exon (Fig. 3) . By a similar approach, the exon/intron junctions (IX, X and XI) were deduced by comparison of genomic sequences with TdTL and TdTS cDNAs. The sequences of splice junctions are in good agreement with the consensus splice sequence (data not shown). Based on these data, joining exon X and XI generates TdTS, whereas joining exon X, Xbis and XI generates TdTL. Therefore, these two forms of TdT result from an alternative splicing of the primary transcript.
TdTS catalyses the addition of nucleotides in NIH 3T3
fibroblasts To test if TdTS is an active enzyme, we constructed two expression vectors, pDTl and pDT2. pDTlcontains the TdTS cDNA from the translation initiation codon ATG, while pDT2 contains the entire TdTS cDNA with 45 additional nucleotides upstream of the initiation codon (Fig. 1A) . The additional nucleotides contain an out of frame ATG codon starting at position (-31), which could have an inhibitory effect on translation (36) .
The TdT expression vectors were transfected into fibroblasts, together with the V(D)J recombination activating genes Ragl and Rag2, as previously described (21) . The N region insertion achieved by TdT expression during the site specific recombination of an episomic substrate was determined. As shown in Table 1 (a and b), site specific rearrangement deletes the recombination signal sequences (RSS) and the intervening DNA. Sequence analysis of the resulting coding joints show that extra nucleotides were added in about 60% of the rearranged plasmids recovered after transfection with either pDTl or pDT2 (Table lc) .
The average number of inserted nucleotides per junction was 2,5 ± 1,9 in transfection with pDTl and 2 ± 1,2 with pDT2 suggesting that the level of TdT expression is similar for both expression vectors. This implies that the upstream out of frame ATG did not affect the efficiency of translation initiation and could be due to the fact that this ATG occurs in an unfavourable context (37) .
DISCUSSION
In the present study, we have identified in the thymus two forms of terminal transferase mRNA, TdTS coding for 509 aminoacids and TdTL encoding 529 aminoacids. They are almost identical in their sequence, except for the presence of an insertion of 20 aminoacids between residues 481 and 482 of TdTS. The thymic expression of two forms of TdT appears specific for mice, since in both bovine and human thymus only the form corresponding to TdTS has been observed. Failure however, to detect TdTL in the latter two cases may be due to the fact that it is expressed at a much lower level. We have shown that the additional amino acids present in mouse TdTL are encoded by an exon (Xbis) of 60 bp located between exons X and XI. Since the organization of exons IX, X and XI is highly conserved between the human and the mouse TdT genes, it would not be surprising to find an additional exon corresponding to Xbis in the human gene.
Two different possibilities could account for the generation of TdTS and TdTL mRNA. The transcripts could either arise from two genes, or by alternative splicing of a single pre-mRNA. Transcription from different isotypic genes can been discarded as Southern blot analysis of mice genomic DNA from Balb/c mice (24 and our unpublished data), or from other strains of mice, indicate that TdT is unique copy gene which exists in different allelic forms (38) . Indeed, allelism could account for the 1% difference (with the exception of the insertion) in the nucleotide sequence between TDTL and TDTS cDNA which have been isolated from a leukemia cell line R12, derived from C57B1/Ka (39) and from Balb/c thymus, respectively. Therefore, the second possibility is the most likely, namely that TDTS and TDTL are generated by differential splicing of a unique gene.
Comparison of the exon sequence of the genomic and cDN A revealed that exon Xbis can be included, or excluded, independently of other exons and, as such, could behave like a cassette exon (40) . While exon Xbis has a typical 5'-splice donor site (41), the 3 -acceptor site is atypical. The 3'-acceptor site is composed of the conserved AG dinucleotides at die exon-intron boundary and by an adjacent polypyrimidine tract which is abnormally short and disrupted by purines. No other polypyrimidine tract was found in the 130 nucleotides upstream the exon Xbis. However, it has been shown that loose conservation of the consensus splicing elements can be compensated by specific cis interactions between 5' and 3' site on pre mRNA (42, 43, 44) .
The catalytic activity of TdT resides in the carboxy terminal 70% of the protein (7) and requires several associated functional regions: the DNA substrate and nucleotides binding sites have not yet been localised (45, 46, 47, 48) . It is thus conceivable that the loss of twenty amino acid in the carboxy terminal part of the molecule could modify its catalytic activity. For this reason, we confirmed that TdTS has terminal transferase activity, as it has been reported for TdTL (25) . Importantly, TdTS catalyses N region insertions at the recombination junction of an artificial substrate in NIH 3T3 fibroblasts cotransfected with the Rag 1 and Rag2 recombination activiting genes.
N-region insertion is a developmentally regulated process in T cells, as well as in B cells. In the thymus of adult mice, TdTS mRNA is present at a higher level than TdTL mRNA. In the RL12 lymphoma, only TdTL cDNA has been characterised, suggesting that it was the predominant form. The fact that TdTS and TdTL are found in different proportions in lymphoma and in normal thymus, suggests that regulation of the alternative splicing of the TdT genes could occur. Many examples of regulated splicing have been described varying with tissue type, developmental stage, or sex (49, 50, 51, 52) . Thus, alternative splicing of the TdT genes could be regulated during B and T lymphocyte ontogenesis to modulate TdT activity. Experiments are in progress to test this hypothesis by comparing the catalytic activities of TdTS and TdTL and to quantify diese forms during lymphoid development.
